Isolated rod bipolar cells were obtained by enzymatic (papain) and mechanical dissociation of the adult rat retina. Virtually all intact bipolar cells in the dissociates expressed protein kinase C (PKC) immunoreactivity, a selective marker for rod bipolar cells in the in viwo retina. Whole-cell recordings were performed using nystatin in the patch pipette to minimize washout of those cytoplasmic components necessary for the maintenance of ionic currents. At holding potentials of -33 mV, a tonic inward current was observed. The glutamate agonist 2-amino-4-phosphonobutyrate (APB) reduced this current by closing ion channels.
Under normal conditions, Na+ appeared to be the main charge carrier. Both the internal and the external Caz+ concentrations were found to exert a powerful influence on the APB-sensitive current. We conclude that the rod bipolar cell in situ is depolarized at light onset.
Bipolar cells of all vertebrate retinas show a physiological dichotomy: one class is depolarized (ON-cells) , and the other is hyperpolarized (OFF-cells), by a light increment in the receptive field center (Werblin and Dowling, 1969; Kaneko, 1970; Toyoda, 1973; Nelson and Kolb, 1983) . There is growing evidence that this is the result of the activation of different transmitter receptors in the bipolar cell dendritic membrane. For OFFbipolar cells, the photoreceptor transmitter (which is very likely an excitatory amino acid; Cervetto and MacNichol, 1972; Murakami et al., 1972; Marc and Lam, 1981; Ayoub et al., 1989; Copenhagen and Jahr, 1989) probably opens nonspecific cation channels (Toyoda, 1973; Murakami et al., 1975; Slaughter and Miller, 1983a,b; Lasater et al., 1984; Bloomfield and Dowling, 1985; Attwell et al., 1987) . The situation seems to be more complicated for ON-bipolar cells (Saito, 1987) . Based on results with 2-amino-4-phosphonobutyrate (APB), it has been postulated that nonspecific cation channels are closed (Shiells et al., 198 1; Slaughter and Miller, 198 1, 1985; Bloomfield and Dowling, 1985) . However, there is also evidence that the photoreceptor transmitter opens specific channels (e.g., a K+ channel) in ON-bipolar cells (Saito et al., 1979, 198 1; Kondo and Toyoda, 1980; Copenhagen, 1987, 1990; Saito and Kujiraoka, 1982) . Either mechanism would lead to hyperpolarization of ON-bipolar cells. Because the photoreceptor transmitter is released in darkness and this release is reduced by light, ONbipolar cells are depolarized by a light spot, while OFF-bipolar cells are hyperpolarized.
The light responses of mammalian rod bipolar cells have been reported as depolarizing in rabbit retina (Dacheux and Raviola, 1986) and as hyperpolarizing in the cat . However, there are several lines of evidence (summarized by Miiller et al., 1988; Daw et al., 1990; Massey, 1990 ) that suggest that rod bipolar cells of all mammals are depolarizing. Karschin and Whsle (1990) have studied glutamate and APB responses in dissociated rod bipolar cells of the rat retina using whole-cell patch-clamp techniques. Glutamate and APB caused similar effects; however, APB was more potent. In 93 out of 133 voltageclamped cells, current responses were found when APB was applied. In 88 of these 93 cells, APB produced a conductance increase, whereas in five cells APB produced a conductance decrease. However, the responses were unstable and fragile, and this prevented further characterization of the channels.
Recently, it was observed by Nawy and Jahr (1990b) , during whole-cell recordings from slices of tiger salamander retina, that responses of depolarizing bipolar cells to APB were "washed out." They suggest that the loss of a second-messenger system required to maintain the APB-sensitive channel in an open state causes the decrease in responsiveness. This suggests that, in the much smaller mammalian rod bipolar cells, washout of glutamate responses might occur rather quickly and thus be the reason why Karschin and Whsle (1990) could not characterize these channels.
In the present study, dissociated rod bipolar cells of the adult rat retina were patch clamped using the nystatin method in order to prevent the washout of APB responses (Horn and Marty, 1988) . Nystatin, an antibiotic, perforates the cell membrane under the electrode tip and creates channels permeable to monovalent ions such as K+, Na+, or Cl-, but impermeable for divalent ions (e.g., Caz+). Washout from the cytoplasm ofinternal secondmessenger systems seems to be minimized by this method (Horn and Marty, 1988; Kurachi et al., 1989) . The responses to APB of isolated rod bipolar cells were measured, and the channels sensitive to APB were studied. APB application caused a conductance decrease in the majority of cells tested. Calcium was found to exert a powerful influence onto the APB-gated channels. The effects of changing the internal or the external CaZi concentration were measured. lated from the dissected retinas by an enzymatic (papain) and mechanical dissociation procedure, details of which are described in Karschin and Wlssle (1990) . The dissociated cells were plated on glass coverslips coated with poly-L-lysine. Bipolar cells were identified, using Nomarski optics (40 x objective), by their characteristic shape. Virtually all the dissociated bipolar cells in control dishes expressed protein kinase C (PKC) immunoreactivity (Fig. l) , which identifies them as rod bipolars (Negishi et al., 1988; Greferath et al., 1990; Karschin and Wlssle, 1990) .
Electrophysiological recordings with the nystatin method. Recordings were made in a chamber (200~~1 vol) on an inverted microscope with Nomarski optics (Zeiss IM 35, GER) at room temperature (=23"C). The bath solution was continuously perfused under gravity pressure at a rate of 1 ml/min. The bath solution contained (in mM) 137 NaCI, 5 KCI, 2.5 CaCI,, 1 MgCl,, 10 HEPES-NaOH, and 22.2 glucose, at pH 71
Patch pipettes were made from glass capillaries (CC 150-10, Clark, UK, or GB 150~8P, Science Products GmbH, GER) on a modified vertical electrode puller (model 700 C, David Kopf Instruments, USA). The patch pipette solution contained 149 mM KC1 or CsCl and 10 mM HEPES-KOH, at pH 7.2. Nystatin (Sigma) was dissolved in methanol (5 mg/ml) by sonication and added to the pipette solution at a concentration of 200 &ml. The nystatin-containing pipette solution was filtered with cellulose nitrate filter (pore size, 0.05 pm; Sartorius GmbH, GER). Undissolved nystatin remained on the filter, and the final concentration of nystatin was lower than the above value. The nystatincontaining solution was freshly prepared just before the recording. The electrode resistance was 1 l-l 5 MQ in the normal external bath solution.
The liquid junction potentials of the patch pipette were measured as described by Fenwick et al. (1982) and were -3 mV with respect to the bath solution both with KC1 and with CsCl in the electrode. The holding potentials were corrected for junction potentials.
The electrode tip was positioned on the cell surface using a piezoelectric remote-controlled micromanioulator (Phvsik Instrumente, GER), and a gigaohm seal was made by genile suction-The seal resistance was measured by IO-mV voltage steps from -60 mV and was more than 10 CR just after the seal formation. Fast transient capacitive currents due to the pipette were canceled by the circuit of the EPC-7 amplifier used to record cell responses (List Electronic, GER). No suction was applied to the pipette after the initial seal formation. Approximately 2-5 min after the seal formation, nystatin made the membrane of cellattached patch electrically permeable without rupture resulting in the so-called "perforated patch" (Horn and Marty, 1988) . Additional capacitive currents appeared in response to the IO-mV steps, reflecting the capacitance of the cell. The series resistance of the pipette and the perforated patch membrane were roughly estimated from the peak amplitudes of these capacitive currents. The series resistance was 200-500 Ma, but this is likely to be an overestimate, because the peak amplitudes of the capacitive currents were attenuated by the limited speed of the recording system (limited at 3 kHz). Assuming that the maximum series resistance was 200 MR, the voltage error for 17 pA (the mean value of the APB-sensitive tonic inward currents at V, = -33 mV) would be about 3 mV. The holding potentials were not corrected for this possible error. Voltage commands were applied from -60 to +60 mV, and outward K+ currents were activated in the voltage range more positive than -30 mV when the pipettes contained KC1 solution. When CsCl solution was used, the outward currents were not observed or could be observed only in the first trial of the voltage commands, and they soon disappeared. The cells were usually held at V,, = -33 mV. Further details of the recording system and data acquisition are given in Karschin and Wlssle (1990) .
Drugs were dissolved in bath solution and applied from six-barreled pneumatic puffer pipettes. The tip diameter of each pipette was about 10 pm, and the pipettes were placed close (~50 pm) to the cell. Air pressure (0.3-0.5 bar) was applied under computer control. Without the pressure, bath solution continuously flowed into the pipettes by capillary attraction. This effect prevented the test solutions from leaking out. The concentrations of drugs will be given in the Results and refer to the concentrations in the barrels of the puffer pipette. The actual concentrations at the cell membrane are lower and not known.
In some experiments, low-Na+ or low-Cl-solutions were applied to cells with the puffer pipette. In the low-Na+ solution, 137 mM NaCl of the normal bathing solution was replaced with equimolar choline-Cl or LiCI. These solutions contained about 5 mM Na+ by adiusting pH with IO mM HEPES-NaOH. In the low-Cl-solution, [Cim] was decreased to half of the bath solution by replacing 137 mM NaCl with 75 mM Naacetate and 62 mM NaCl.
Dr.-2-Amino-4-phosphonobutyric acid (APB), a calcium ionophore (A23187), GABA, amiloride, and the protein kinase C inhibitor H-7 were obtained from Sigma (USA). The protein kinase C activator phorbol dibutyrate (PDBu) was from SERVA (Heidelberg, GER). It was dissolved in ethanol as a stock solution (1 mM).
Results
Identification and electrophysiological recording of isolated rod bipolar cells
As a result of the dissociation procedure, most of the cells lost their characteristic appearance, and many round cell bodies lacking any processes were present in the dissociates (Fig. 1A) . However, solitary, typical bipolar cells appeared rather well preserved (Fig. lA,B) : their perikatya were oval-or bottle-shaped and had an average diameter of 5-8 Frn. Short bundles of dendrites were found on one pole, and a single axon up to 70 pm long emanated from the other pole. The axons, sometimes branched, terminated in lobular swellings. Every cell in the dissociates that was classified because of this characteristic shape as a bipolar cell showed PKC immunoreactivity.
PKC in the intact retina labels a single class of bipolar cell, namely, the rod bipolar cell (Negishi et al., 1988; Greferath et al., 1990; Karschin and Wgssle, 1990) . On this basis, we conclude that all intact bipolar cells in the dissociates were rod bipolar cells.
After positioning and sealing the electrode onto the bipolar cell perikaryon, it took approximately 2-5 min for the patch under the electrode tip to be perforated by nystatin. The pores made by nystatin are mainly permeable to monovalent cations such as Na+ and K+. The equilibration of Cll ions is retarded because the permeability ratio P,,,,,:P,,,,,, is only 0.1 (Marty and Finkelstein, 1975; Horn and Marty, 1988) . In order to confirm the electrical and ionic permeability of the patch membrane, and to make sure that the patch was not simply broken, the diffusion of Cl-was monitored routinely by applying GABA, in a concentration of 20 PM, to the cells. GABA-induced chloride currents are rather robust and large. They have been reported in practically all bipolar cells dissociated from mammalian retinas (Karschin and Wgssle, 1990; Suzuki et al., 1990; Yeh et al., 1990) . Figure 2 , A and B, shows responses of an isolated rod bipolar cell, one ( Fig. 2A ) taken immediately after the patch was perforated (2 min after the gigaseal), and a second ( Fig. 2B ) recorded 2.5 min later. In the first record ( Fig. 2A) , GABA application induces a prominent outward current that is probably caused by an influx of Cll ions from the bathing medium (high chloride) into the cell (low chloride). In the second record, 2.5 min later (Fig. 2B) , chloride from the electrode has diffused into the cell, making the Cll concentration inside the cell and in the bathing medium more equal. Application of GABA again opens Cl-channels, but Cl-is now driven out of the cell, the holding potential (V,, = -33 mV) being more negative than the Cl-reversal potential. As a result, GABA application induces an inward current in Figure 2B .
Ifthe same experiment is performed with conventional patchclamp recordings, where the patch is broken, a quick exchange between the patch pipette and the cytosol occurs (Tachibana and Kaneko, 1987) . The GABA-induced current in Figure 2C was measured with the conventional method, only 15 set after the patch was broken. GABA application caused an inward current, indicating that the Cll exchange had already happened (for further details, see Yamashita and W&ssle, 199 1) .
The experiment with GABA demonstrates that nystatin and the perforated patch method can be used to record whole-cell currents from isolated bipolar cells. The relatively slow reversal Figure 1 . Cells dissociated from adult rat retina were stained with antibodies against PKC. All cells that have the characteristic appearance of bipolar cells are labeled (three cells in A, one in B). Many round cell bodies can also be detected in this Nomarski micrograph; they are retinal cells that have lost their processes during the dissociation procedure. In contrast, many bipolar cells seem to be rather well preserved, they are, on the basis of their immunoreactivity for PKC, identified as rod bipolar cells. Scale bar: 50 pm for A, 25 pm for B.
of the current shows that the patch is not broken. Diffusion from the electrode through the nystatin pores can equilibrate the electrode solution and the cell interior within a few minutes. However, one has to keep in mind that the pore made by nystatin is permeable to monovalent cations and Cl-, while Ca*+ or second-messenger systems are not equilibrated (Horn and Marty, 1988) .
Responses of isolated rod bipolar cells to APB
In the present study, the membrane potential of rod bipolar cells was voltage clamped at V, = -33 mV. This value seemed within the physiological response range of bipolar cells and was just below the range where voltage-activated K+ currents are evoked (Kaneko et al., 1989; Karschin and Wgissle, 1990; Yeh et al., 1990) . A more negative value of the holding potential was avoided, because at approximately -60 mV an inward rectifying current was reported in mammalian (Kaneko et al., 1989; Karschin and Wlssle, 1990) as well as in nonmammalian bipolar cells (Kaneko and Tachibana, 1985; Lasater, 1988) .
When the bipolar cell membrane was held at VH = -33 mV, tonic inward currents (exceeding 3 PA) were observed from 29 of 54 cells recorded. The mean amplitude of the tonic inward currents was 17 pA (range, -4 to -80 pA; SD, 17.6 pA, n = 29). Leakage currents were not subtracted; with a seal resistance of more than 10 GO, they might contribute up to 3 pA to this tonic inward current. Such a current was present irrespective of whether K+ or Cs+ was used in the patch electrode. The current could not be blocked by Mg*+, which excludes the possibility that it is a sustained Ca*+ current. However, as discussed below, it was suppressed by choline. Figure 3 , A and C, shows the effect of APB on this tonic inward current. When APB (puffer pipette concentration, 200 or 500 PM) was applied, the amplitude of the tonic inward current was decreased to approximately 20% of the predrug level. A comparable decrease of the tonic inward current by ejection of APB (200-500 PM) was observed in 27 of the 29 cells. The mean amplitude reduction was to 59% (SD, 25.3%; n = 27) of the predrug level. The APB effects were completely reversible. No slow desensitization was observed during the maximal application time of 7.5 set, but a rapid desensitization cannot be ruled out. Rapid desensitization can only be revealed by a much more rapid application than is obtainable with the puffer pipette (Franke et al., 1987) . Glutamate was found to produce similar effects, but was less potent than APB.
If APB causes closure of channels, then membrane resistance during APB application should be higher than without it, and APB should cause a reduction in noise. When the current traces of Figure 3 , A and C, were band-pass filtered (5-500 Hz), a reduction in noise was observed during application of API3 (Fig.   3B,D) . Figure 4 shows a voltage ramp applied to a bipolar cell in the absence of APB and during APB application. The slope of the induced currents is decreased by the application of APB, indicating an APB-induced resistance increase.
pM GABA
Responses to APB were not observed in those 25 cells lacking the tonic inward current and only showing small leak currents.
Ion selectivity of the APB-sensitive channel The ionic species carried by the APB-sensitive channel was examined by changing the holding potential and measuring the reversal potential of the tonic currents. For this purpose, we used Cs+-containing pipettes, in order to block the voltage-activated K+ channels present in isolated rod bipolar cells (Kaneko et al., 1989; Karschin and Wbsle, 1990; Yeh et al., 1990) . When K+ pipettes were used, outward rectification obscured the reversal potential of the APB-sensitive current.
Data of such a current/voltage measurement are presented in Figure 5 . The cell recorded had a tonic inward current of 27 pA at V,, = -33 mV, which was reduced during APB application (not illustrated). The inset in Figure 5 (upper left) shows the currents when different holding potentials from VI, = -33 mV to V,, = +33 mV were applied. The current-voltage relation in the diagram was nearly ohmic in this voltage range, and the current reversed at about -11.5 mV. Such experiments were made on seven cells, and the mean reversal potential was -10.8 mV (range, -3 to -16 mV; SD, 4.5 mV; n = 7). A reversal potential in this range excludes the possibility that this current is selectively carried by Na+ or Cs+ (K+) ions. It is compatible with a nonselective cation channel or a Cll channel.
The possibility of a nonselective cation channel was tested by changing the external solution to a low-Nat solution. Na+ ions of the normal bathing solution were replaced by choline (see Materials and Methods), and this low-Na+ solution was applied to the cell using a puffer pipette. Such nonselective cation channels are permeable to Na+, and to K+ or Cs+ (NMDA-gated channel: Ascher and Nowak, 1988; cGMP-gated channel: Yau and Nakatani, 1984a) . At V,, = -33 mV, a net inward current was measured; hence, Na+ ions should be the major charge carrier. A reduction in the external Na+ concentration should reduce the influx of Na+ ions; it should not influence the efflux of K+ or Cs+ ions. The net inward current would be reduced or even change into an outward current carried by K+ or Cs+ ions.
Results from such an experiment are shown in Figure 6 . In the following description, inward currents are expressed as negative and outward currents as positive in polarity. At V, = -33 mV, the cell of Figure 6 had an APB-sensitive inward current of -18 pA in normal external solution. The inward current was greatly reduced by lowering external [Na'], and eventually an outward current of + 1.3 pA appeared. Such reversals were observed in four out of five cells tested. In normal solution, the four cells had a mean current of -8.2 + 5.7 pA, which was reversed to + 1.9 + 0.5 pA. In the remaining cell, only a reduction of the inward current from -25.3 to -6.1 pA was observed. Perhaps the external solution around the cell was not completely exchanged. No difference was found in these experiments between using Cs+ or K+ in the recording pipettes. A similar experiment was performed in five cells, where low external Cll solution was applied to the cells with a puffer pipette. This did not affect the tonic inward currents. However, the same low-Cl solution increased GABA-induced inward currents as a control.
In summary, we conclude that the APB-sensitive channel is a nonselective cation channel permeable to Na+, K+, and Cs+ to GABA 2.5 min after the record in A was taken. C, Responses to GABA of another bipolar cell during conventional patch-clamp recordings, 15 set after the patch was broken. The electrode in A and B contained 149 mM CsCl, 10 mM HEPES-KOH at pH 7.2, and nystatin (200 &ml); the bath solution contained (in mM) 137 NaCl, 5 KCI, 2.5 CaCI,, 1 MgCl,, 10 HEPES-NaOH, and 22.2 glucose, at pH 7.2. The GABA concentration in the puffer pipette was 20 FM. The solutions in C were identical, except that nystatin was not added to the electrode solution.
ions. Most of the inward current is carried by Na+ ions under normal conditions. Modulation of APB-sensitive inward current by external Ca" It has been reported that nonselective cation channels are blocked by extracellular Ca2+ in rod outer segments (Haynes et al., 1986) and frog muscle membranes (Almers et al., 1984) . In the case of the NMDA receptor channels, Ca2+ acts as both a blocker and a permeator (Mayer and Westbrook, 1987; Ascher and Nowak, 1988) . For this reason, we studied the influence of the extracellular Ca*+ concentration on the APB-gated inward current in rod bipolar cells. Figure 7A shows the effect of lowering the external Cal+ concentration on the APB responses. One barrel ofthe puffer pipette was filled with APB (500 PM) dissolved in the bath solution, where Ca*+ was replaced by equimolar Mg2+ (nominally Ca'+ free, no EGTA added). A second barrel was filled with APB (500 WM) dissolved in normal bathing solution (Ca*+ concentration, 2.5 mM). When APB in 2.5 mM Caz+ was applied, the wellknown channel-closure effect was observed. However, when APB in low Caz+ was applied, the tonic inward current was increased. Such reversals of the APB action by lowering the external Ca*+ concentration were observed in all four cells tested. The physiological concentration of extracellular Caz+ has been suggested to be in the range of 2 mM in the isolated turtle retina (Perlman et al., 1990) . At least this concentration seems to be necessary for APB to close the channel.
Prolonged application of low Ca2+ caused a slow increase of the tonic inward current, which could no longer be modulated by application of APB. It is possible that removal of Ca2+ from the bathing medium alters the gating properties of voltage-de- . Current-voltage relations of an isolated bipolar cell with (500 PM) and without APB application. A voltage ramp of 62 mV/sec was applied, and the whole-cell currents were measured. The deviation from linearity at potentials more negative than -40 mV probably represents the inward rectifying current (Karschin and Wlssle, 1990) . The patch pipette contained 149 mM CsCl, 10 mM HEPES-KOH at pH 7.2, and nystatin (200 &ml); the bath solution contained (in mM) 137 NaCl, 5 KCl, 2.5 CaCl,, 1 MgCl,, 22.2 glucose, and 10 HEPES-NaOH, pH 73 pendent K+ channels and induces a large nonselective "leak" conductance (Armstrong and Miller, 1990) . The effect of high external Ca2+ concentration was also examined (Fig. 78) . One barrel of the puffer pipette was filled with the bath solution containing 25 mM Ca2+, and the other barrel with normal bath solution containing 500 HM APB. The inward current in Figure 7B was reduced by the application of high CaZ+ even in the absence of APB. It was also reduced by APB in normal Ca2+ solution. This result was confirmed in three more cells. From the experiments with low as well as with high external Ca2+, we conclude that this ion is directly involved in the mechanism of the channel closure by APB.
Blockage of nonselective cation channels by divalent cations has been used as a means to characterize such channels. To a first approximation, divalent cations and their action at the NMDA-gated channel can be categorized as Mg2+-like (Co2+, Mn2+) or Ca2+-like (Ba2+, Cd2+; Ascher and Nowak, 1988) . Comparable results have been reported for the cGMP-gated channels of the photoreceptors, which are partially blocked by Mg2+ and Ca2+ in the external medium (Haynes et al., 1986; Matthews, 1986; Matthews and Watanabe, 1987) . Figure 8 shows that it is not only high extracellular Ca2+ concentration that closes the channels in the absence of APB. High concentrations (25 mM) of Co2+ or Cd2+ (not shown) were tested in two and three cells, respectively, and also blocked the channels (Fig. SA) . A concentration of 2 mM La3+ was tested in four cells and blocked the channels (Fig. 8B) . Results with Ba2+ (25 mM) and Sr2+ (25 mM) were obtained for two cells, and both ions blocked the channels in one cell. In contrast, Mg2+ at a concentration of 25 mM, tested on two cells (Fig. 8C) , was not able to block the channels. These results are preliminary because The current amplitudes were plotted against the holding potentials (abscissa) in the graph. On the ordinate, outward currents were plotted as positive, and inward currents as negative. The reversal potential of the tonic current is estimated as -11.5 mV. The seal resistance was measured just after the gigaseal formation and was 20 GQ. The leak currents were not subtracted. A CsCl patch pipette was used to block vohageactivated potassium currents. The patch pipette contained 149 mM CsCl, 10 mM HEPES-KOH at pH 7.2, and nystatin (200 &ml). The bath solution contained (in mM) 137 NaCI, 5 KCl, 2.5 CaCl,, 1 MgCl,, 22.2 glucose, and 10 HEPES-NaOH, pH 7.2.
of the small sample of cells and the possibility of nonspecific effects on the membrane. They suggest, however, that the APBsensitive channel could be blocked by binding of polyvalent metal ions to the channel. It is known that, in the mudpuppy (Slaughter and Miller, 198 1) and in the fish retina (Shiells et al., 198 l) , APB responses can be evoked in the presence of 2-3 mM Co*+. Cobalt at 2 mM concentration had no effect on the APB responses of isolated rod bipolar cells in the present study.
Is the APB-sensitive current the result of Na+ /Ca2+ exchanger? We tested the idea that the inward current is caused by an Na+/ Ca*+ exchanger, which transports three Na+ ions into the cell and one Ca*+ ion out of the cell (reviewed by Reeves and Philipson, 1989; Reeves, 1990) . Such an exchanger has been described in horizontal cells (Yasui, 1987) and in rod outer segments (Yau and Nakatani, 1984b) . Recent evidence suggests that Na+/Caz+ exchange in rod outer segments is coupled to K+ movements with a suggested stoichiometry of 4 Na+ per 1 CaZ+ + 1 K+ (Cervetto et al., 1989; Schnetkamp et al., 1989) . Replacement of external Na+ by Li+ or K+ has been shown to block the exchanger efficiently (Yau and Nakatani, 1984b; Reeves and Philipson, 1989 ). low -Na+ 1s Figure 6 . Reversal of an APB-sensitive tonic inward current by reducing the extracellular [Na']. An isolated rod bipolar cell was voltage clamped at V,, = -33 mV. The cell showed a tonic inward current of 18 pA. APB decreased the tonic current; after APB application, the current returned to the predrug level (not illustrated). A low-Na+ solution (137 rnr+r NaCl was replaced with equimolar choline chloride in the bath solution) applied through the puffer pipette caused a current reversal. The bath solution contained (in mM) 137 NaCl, 5 KCI, 2. In the puffer pipette, 137 mM Na' was replaced by 137 mM Li+, and this solution was applied to the cells. No change of the tonic inward current was observed (three cells). To test the blockage by K+ ions, the puffer pipette was filled with 137 mM Na+ and 30 mM K+, which was applied to the cell. The inward current was slightly increased. As a final experiment for the possibility of an Na+/Ca>+ exchange, the blocking agent amiloride ( 10m4 M) was tested. The inward current could not be blocked (three cells). All three experiments suggest that Na+/ Ca2+ exchange is not the major source of the APB-sensitive current.
Noninvolvement of PKC in the APB response Rod bipolar cells are characterized by their abundance of PKC ( Fig. 1 ; Negishi et al., 1988; Greferath et al., 1990; Karschin and WHssle, 1990) . We examined the role of this enzyme in the APB response, and based on the results, it is unlikely that the response to APB was caused by the phosphorylation ofa channel molecule by PKC.
The PKC activator PDBu (Castagna et al., 1982) did not decrease the amplitudes of the APB-sensitive currents (n = 15). PDBu was applied extracellularly with a puffer pipette for 14.4-72 sec. Conversely, the PKC inhibitor H-7 (Hidaka et al., 1984) did not prevent the APB responses (n = 8). H-7 (500 PM) was coapplied with 500 PM APB for 7.2 sec. These results indicate that neither PDBu nor H-7 alter the channel activity, at least in the above experimental conditions. Modulation of the APB-sensitive inward current by internal calcium Intracellular calcium is involved in many signal transduction pathways that regulate ion channels (Marty et al., 1984; Inoue et al., 1986; Taleb et al., 1987; Brown and Higashida, 1988; Matthews et al., 1989a,b; Oosawa and Yamagishi, 1989; Inoue and Isenberg, 1990; Reiser et al., 1990) . The pores formed by nystatin are not permeable to divalent cations (Horn and Marty, 1988) ; hence, intracellular Ca2+ cannot be buffered or increased through the electrode. Instead, we used a calcium ionophore . When high Ca2+ (25 mM in the puffer pipette) was applied to another rod bipolar cell, the amplitude of the tonic inward current was decreased even in the absence of APB (indicated by Ca).
The current was also decreased by APB (500 PM in the puffer pipette in normal bath solution; indicated by APB). Broken line, predrug level (-28 PA); horizontal bars, duration of test drug application. The patch pipettes in A and B contained 149 mM CsCl, 10 mM HEPES-KOH at pH 7.2, and nystatin (200 &ml). The bath solution in A and Bcontained (in mM) 137 NaC1, 5 KCI, 2.5 CaCI,, 1 MgCI,, 22.2 glucose, and 10 HEPES-NaOH, pH 7.2.
Ca APB -28 pA (A23187) in the bathing medium to modulate Ca*+ entry into the cell. The Caz+ ionophore (1 PM) was applied extracellularly by a puffer pipette; the vehicle alone (0.1% methanol) had no effect.
In cells that initially showed very small inward currents (= 1 pA at V,, = -33 mV) and that lacked APB responses, rather large inward currents appeared abruptly upon application of the Cal+ ionophore. When APB was applied, these currents were reduced but never completely blocked. It is very likely that, in addition to APB-sensitive currents, APB-insensitive inward currents were activated by the ionophore or by the increase in intracellular Ca*+ concentration. However, the appearance of an APB-sensitive current in cells lacking such a current before the Cal+ ionophore was applied suggests that the intracellular Ca'+ concentration plays an important role in keeping these channels in an open state. Discussion ON-bipolar cell light responses and APB action When APB was described by Slaughter and Miller (198 1) as a specific agonist that mimics the photoreceptor transmitter action in ON-bipolar cells, a very powerful pharmacological tool became available. A specific blockade of the ON-pathway by APB was later confirmed in the rabbit retina (Massey et al., 1983; Bloomfield and Dowling, 1985) , in the cat retina (Bolz et al., 1984) , and in the monkey retina (Knapp and Schiller, 1984) . The methods applied included intracellular recordings, extracellular recordings, electroretinogram (ERG) measurements, and behavioral tests. All these experiments suggest that the ONpathway in most vertebrate retinas is blocked by APB. A single morphological type of bipolar cell contacts the rods of the mammalian retina. This bipolar cell makes invaginating synapses into the rod spherules, and its axon ends in the inner plexiform layer close to the ganglion cells. Both of these are anatomical signs that the cell is an ON-bipolar cell. Intracellular recordings in rabbit showed that rod bipolar cells are depolarized at light onset, whereas in the cat, hyperpolarizing responses have been reported. When APB was applied to the dark-adapted cat (Miiller et al., 1988) monkey (Dolan and Schiller, 1989) , or rabbit retina (R. J. Jensen, personal communication), all light responses of ganglion cells were blocked, suggesting that all rod bipolar cells have APB-sensitive channels.
Despite the wealth of data showing that APB blocks light responses of ON-bipolar cells, the exact mode of action is still unclear. In both the mudpuppy Miller, 1981, 1985) and the dogfish (Shiells et al., 198 1) retina, APB blocks ON-bipolar cell light responses and hyperpolarizes the cells by a channel-closure mechanism. In goldfish retina, APB also hyperpolarizes ON-bipolar cells by closing channels; however, the cells had additional excitatory amino acid receptors, which responded to glutamate with a conductance increase Copenhagen, 1987, 1990) . This would support the notion of Saito (1987) that ON-bipolar cells respond to the photoreceptor transmitter with both channel-opening and channel-closure events. Patch-clamp recordings from retinal slices or from dissociated bipolar cells have also suggested two possible mechanisms. Attwell et al. (1987) found that depolarizing bipolar cells of tiger salamander retina (either as slices or dissociated) responded to glutamate with a channel-closure mechanism. Hirano et al. (1988) stated that, depending on the mode of dissociation, both channel openings and channel closures can be elicited by application of APB. Karschin and Wlssle (1990) found that APB closed channels in a minority of isolated rod bipolar cells, while in the majority of cells, channel openings were observed.
In a recent study, Nawy and Jahr (1990b) demonstrated in a slice preparation of the tiger salamander retina that glutamate hyperpolarizes ON-bipolar cells by decreasing a nonspecific cation conductance. They also reported a washout of the glutamate responses and suggested that this might be the reason for the difficulty in finding glutamate responses in isolated ON-bipolar cells (Lasater et al., 1984; Attwell et al., 1987) as well as in ONbipolar cells of a retinal slice preparation (Maguire et al., 1989) .
APB responses of isolated rod bipolar cells using the nystatin method Rod bipolar cells and some amacrine cells of mammalian retinas are labeled by immunocytochemistry with antibodies against PKC (Negishi et al., 1988; Greferath et al., 1990; Karschin and Wassle, 1990) . All intact bipolar cells in the dissociates also express PKC immunoreactivity; hence, they are rod bipolar cells (Karschin and Wbsle, 1990) . The cells are very small (diameter, 7 pm), and most of the cell body is occupied by the nucleus. Hence, as demonstrated in Figure 2C , the cells are perfused rapidly during conventional whole-cell patch-clamp recordings. Washout of second-messenger systems and disturbance of the internal CaZ+ concentration might be reasons why only a small fraction of the cells in the experiments of Karschin and Wassle (1990) showed the correct glutamate responses.
In the present experiments, the perforated-patch method of Horn and Marty (1988) was applied. The pores opened by nystatin are permeable for monovalent cations and anions; it is very unlikely that Ca2+ or internal second-messenger systems are washed out. Under these conditions, we observed a tonic inward current in more than half of the rod bipolar cells, and this current was decreased by APB, which probably closed channels. The channels are nonselective cation channels, and at V,, = -33 mV, Na+ appears to be the main charge carrier giving rise to an inward current.
Analysis of the APB-sensitive channel Despite the use of nystatin in the patch electrode, for several reasons it was very difficult to investigate thoroughly the APBsensitive inward current. One reason for this shortcoming is the small size of the rod bipolar cells, from which stable recordings were obtained for a maximum of 20 min. Only half of the cells showed an inward current of distinct size. It is possible that the channels are concentrated on the dendritic tips where they penetrate the rod spherules. The fine dendrites could be lost during dissociation; only a limited number of channels would then remain intact. Membrane patches pulled out from the soma never contained APB-gated channels; therefore, single-channel events could not be studied.
Despite these limitations, some important information can be gained from the present experiments. It was obvious that Ca2+ played an important role in gating the channel. The experiment with the CaZ+ ionophore, which induces APB-sensitive currents, makes it likely that a minimum internal Ca2+ concentration is necessary to keep the channels open. It is well known that the internal Ca*+ concentration plays an important role in channels regulated by transmitters through second-messenger systems. The failure of Karschin and Wassle (1990) to detect this current in most of the cells recorded might have been caused by a washout of internal Ca2+ and the low-Ca2+ buffering of 1 Om8 or 2 x 10m7 M with EGTA that was used in their experiment. We also noticed that external Ca2+ had an important influence on the channels. High external Ca2+ (25 mM) could close the channel even in the absence of APB. In contrast, when the outside concentration of Ca2+ was low, APB could not close the channel, but instead caused further opening. When the external concentration of Ca*+ was reduced in the absence of APB, the tonic inward current increased slowly. This is difficult to understand and suggests some kind of cooperativity between APB and the outside Ca2+ in closing the channels. It is also possible that removal of Ca2+ from the bathing solution alters the gating properties of other channels. It has been described that Ca2+ is essential for a proper function ofvoltage-dependent K+ channels and that low Ca2+ induces a large, nonselective "leak" conductance (Armstrong and Miller, 1990) . Attwell et al. (1987) recorded glutamate responses in depolarizing bipolar cells of the axolotl retina and analyzed the current noise. In agreement with their results, in the present study we found that APB induces a conductance decrease and a reduction in noise (Figs. 3,4) . As discussed by Attwell et al. (1987) , this result immediately rules out the simplest model of glutamate action, a scheme in which the transmitter binds to a receptor associated with the open channel and the channel then closes. In such a model, the noise variance should increase by the action of the transmitter. Attwell et al. (1987) also showed that the channel's open probability has to be less than 0.5 in the absence of APB or glutamate and proposed a simple alternative scheme: Na+/Ca" exchange mechanism, but we do not believe such a mechanism could explain our results. An Na+/Ca*+ exchanger has been described in rod outer segments (Yau and Nakatani, 1984b) and in horizontal cells (Yasui, 1987) , and it would produce a net inward current similar to the one described in the present experiments. However, replacing external Na+ by Li+ should block the exchanger. It would also be blocked by high external K' and by amiloride derivatives. All three tests were performed, and none abolished the APB-sensitive inward current. These results, as well as the decrease in current noise (Fig.  3B,D) , suggest that a channel is indeed gated by APB. It has been reported for isolated horizontal cells of the fish retina (Ishida and Neyton, 1985) that inward currents evoked by kainate were inhibited by L-glutamate or quisqualate. Although the perfusion chamber in the present experiments was perfused continuously, there might be a spontaneous release of glutamate from the many thousands of neurons in the chamber.
This background concentration of glutamate could keep channels in an open state, and application of APB could, as in the experiments of Ishida and Neyton (1985) inhibit such conductances. To rule out this possibility, puffer pipettes were filled with fresh bathing solution, which was ejected onto the cells. It was found to have no effect, which rules out the possibility that a background concentration of glutamate might keep channels in an open state.
The staining of rod bipolar cells with antibodies against PKC would suggest the existence of a second-messenger system involving inositol triphosphate hydrolysis. However, we found that neither PKC activation by PDBu (Castagna et al., 1982) nor PKC inhibition by H-7 (Hidaka et al., 1984) had any effect on the APB-sensitive currents.
After the present study was completed, Nawy and Jahr (1990a) reported that depolarizing bipolar cells of the tiger salamander retina have a membrane conductance similar to that of rod outer segments. The glutamate (APB) receptor seems to close ion channels by increasing the rate of cGMP hydrolysis via a G-protein-mediated process that is strikingly similar to light transduction in photoreceptors.
Whether such a second-messenger system is also present in mammalian rod bipolar cells has yet to be tested. Many of the results presented here are compatible with such a mechanism.
Light responses of rod bipolar cells and the b-wave of the ERG How can a "channel-closing" mechanism produce the light responses of rod bipolar cells? Suppose the cell is initially voltage clamped at -50 mV, and the clamp is then released. In the absence ofphotoreceptor transmitter (i.e., in the light), the APBgated channels are open, and there is more Na+ influx than there is K+ efflux through these channels. Hence, the cell will be depolarized. However, at a voltage of about -30 mV, voltagedependent K+ channels are activated, and K+ efflux is increased (Kaneko et al., 1989; Karschin and WHssle, 1990; Yeh et al., 1990 ). This will keep the membrane depolarized at a voltage at which Na+ influx through APB-sensitive channels balances the total K+ efflux. When APB or the rod transmitter bind (in darkness), the APB-sensitive channel closes, and Na+ influx stops. Due to the continued K+ efflux through the voltage-gated K+ channels, the cell will be hyperpolarized.
It is generally assumed that the b-wave of the ERG reflects an increase of the extracellular K+ due to the depolarization of ON-bipolar cells by the light stimulus (Miller and Dowling, 1970; Newman, 1988; Stockton and Slaughter, 1989 In the dark-adapted mammalian retinas, a strong b-wave is measured in ERG recordings (Gouras and Evers, 1985) . This b-wave is blocked by APB (Mtiller et al., 1988) , which is additional evidence that rod bipolar cells might respond to the photoreceptor transmitter through a channel-closure mechanism.
